SUMMARY
in the intestine. Furthermore, it has been demonstrated that MOS can act as a receptor analogue to prevent harmful bacteria possessing type-1 fimbriae from attaching to the gut wall, thereby helping birds to reach and maintain a healthy gut [7] . More recently, it has been reported that the actual form of MOS will define their function and efficacy [8] . However, only a few studies have looked at the effects of MOS on the development of a normal gut microflora of birds [9] .
The present experiment was designed to test the hypothesis that the addition of an optimum dosage level of MOS [5] to broiler chicken diets could lead to less pathogens in the intestinal microflora and an improved gut function, allowing for more consistent production responses in the absence of prophylactic antibiotics.
MATERIALS AND METHODS

Birds and Diets
Three hundred eighty-four one-day-old male Cobb [10] broiler chickens were included in the feeding experiment. The dietary treatments were a negative control without MOS or antibiotic, a positive control [Zn bacitracin (ZnB), 50 ppm and 30 ppm in the first and last 3 wk, respectively), and 2 g of MOS/kg of diet [11] . Each treatment consisted of 4 replicate pens (each 2.0 × 1.5 m) of 32 chickens each. Fresh sawdust was used as litter. The stocking density after excluding the area occupied by feeders (1.2 × 0.7 m) was approximately 15 birds/m 2 . The composition of the basal diet is shown in Table 1 . Titanium dioxide, 5 g/kg, was incorporated in the basal diet as a marker for the calculation of digestibility coefficients.
Experimental Protocol
The experiment was complied with the guidelines of the University of New England with respect to animal experimentation and care of chickens under study.
Feed was offered ad libitum, and water was freely available at all times during the 42-d trial period. Feed intake was recorded on a pen basis at the end of wk 3 and 6. Mortality was recorded as it occurred, and feed per gain values were corrected for mortality. The birds were individually banded and weighed at 1, 21, and 42 d of age. Flock uniformity was calculated from the CV of their individual BW as described by Jackson et al. [12] . Because it was not convenient to collect feces from birds that were kept on litter, at 20 d of age, 3 birds from each pen were moved into individual AME cages, which gave 12 birds per treatment, for AME evaluation. Birds were given 4 d to adapt to their new environment. During the following 4 d, total collection of excreta was carried out for the determination of AME [13] . At the end of 2 and 5 wk, 5 birds per pen were randomly chosen and killed by cervical dislocation, and the gastrointestinal tract was excised. The small intestine was divided into 3 segments: duodenum (from gizzard outlet to the end of the pancreatic loop), jejunum (from the pancreatic loop to Meckel's diverticulum), and ileum (from Meckel's diverticulum to the cecal junction). Approximately 2-cm lengths of the proximal jejunum and proximal ileum were removed for gut morphological measurements. The gut samples were flushed with ice-cold buffered PBS at pH 7.4 and immediately placed in 10% formalin solution. Another section, about 2 cm, from the proximal part of jejunum was cut and rinsed with PBS to remove the digesta. The section was wrapped in aluminum foil, snap-frozen in liquid N, and kept frozen until the analysis of brush-border enzymes. The contents of the duodenum, jejunum, ileum, and ceca were collected. Fresh digesta samples, about 1 g, from duodenum, ileum, and ceca were taken for bacterial analyses. The contents of the jejunum and ileum were freeze-dried and milled (0.5-mm screen) for the analysis of fat content. The cecal contents were stored at −20°C until volatile fatty acid (VFA) analysis was performed.
Analytical Methods
Intestinal content from each segment was mixed in a 10-mL prereduced salt medium [14] and then prepared and serially diluted according to the procedure described by Engberg et al. [15] . Anaerobic bacteria were determined using anaerobic roll tubes containing Wilkins-Chalgren anaerobe agar [16] incubated at 37°C for 7 d. Lactic acid bacteria were enumerated on deMan, Rogosa, and Sharpe agar [17] incubated in an anaerobic condition at 37°C for 48 h. Coliform and lactose-negative enterobacteria were counted on MacConkey agar [18] incubated aerobically at 37°C for 24 h as red and colorless colonies, respectively. The population of Clostridium perfringens was determined on perfringens agar [19] incubated anaerobically at 37°C for 24 h.
Gross energy of the feed and digesta was determined using a bomb calorimeter [20] standardized with benzoic acid. The contents of DM and fat in the feed and digesta were determined using standardized procedures [21] . Titanium dioxide in the feed and digesta was determined by the method of Short et al. [22] and the digestibility coefficients were calculated [23] . The concentrations of cecal volatile fatty acids were determined as described by Kocher [24] . Briefly, approximately 2 to 3 g of thawed digesta was suspended in 3 mL of 0.1 M sulfuric acid and centrifuged (15 min at 12,000 × g) at 4°C. Caproic acid, 0.1 mL, was added to 1 mL of the supernatant. After the sample was frozen in liquid N and air was eliminated, it was bathed in liquid N in a thermo flask overnight. Subsequently, the sublimated sample was thawed for analysis by gas chromatography [25] .
The intestinal segments fixed with formalin solution were prepared for paraplast embedding, sectioned at 7-m thickness, and stained with hematoxylin-eosin. About 15 villi and 15 crypts were measured in each type of tissue from each chicken.
The mucosal homogenate and brush-border membrane vesicles (BBMV) were prepared as described by Shirazi-Beechey et al. [26] , with minor modifications by Iji [27] . The activities of BBMV enzymes, maltase (EC. 3.2.1.20), sucrase (EC. 3.2.1.26), and alkaline phosphatase (AP; EC. 3.1.3.1) were analyzed in line with methods described previously in research with mammalian tissues [28, 29, 30 ]. An enrichment factor was derived to ascertain the purity of BBMV, because the specific activity of membrane-bound enzymes should be higher in BBMV than in the crude homogenate under an ideal condition. The enrichment factor was determined by analyzing and comparing the specific activities of maltase and AP in the mucosal homogenate with activities in the BBMV. The specific activities of maltase and AP were enriched 2.5 and 3 times higher in the BBMV relative to those in the homogenate at d 14, respectively, and 9 and 6 times at d 35, respectively. The morphology and enzyme data of a replicate were obtained by averaging the relevant data of 2 birds in the replicate (pen).
Statistical Analysis
All the data were statistically analyzed by ANOVA of SPSS [31] . Significance level was set at P < 0.05.
RESULTS AND DISCUSSION
Growth Performance and AME
The effects of dietary treatments on the growth performance and AME are summarized in Table 2 . In general, birds were in a very healthy condition. Mortality rate was very low (2%, data not shown), and flock uniformity was high (around 90%, data not shown), which is a clear sign of generally good health conditions of birds. There were no significant differences in BW gain among treatments, although the addition of MOS or ZnB showed a tendency (P = 0.07) for improved BW gain during wk 1 to 3. The average BW of 21-d-old birds was 4% more than the value given in the Cobb broiler nutrition guide [32] . This superior performance would have made it difficult for a further response to the supplements. Mannanoligosaccharides did not affect AME value of the diet, which is in agreement with the reports by Hughes [13] and the results found in our earlier work [5] . In contrast, Ferket et al. [33] reported significantly higher AME values in 12-wk-old turkey poults when MOS was added at 2 g/kg to the diet. The results from our own work [34] suggest that MOS at 2 g/kg has a tendency to improve the net energy value of a sorghumwheat-based diet. These inconsistencies may be due to differences in species, diets, and rearing conditions.
Microbial Composition and Activity
The effects of dietary treatments on the intestinal microbial composition of birds at d 14 are shown in Table 3 . No significant differences were observed in the intestinal microbial composition of birds at d 35 (data not shown). The populations of total anaerobic bacteria and lactic acid bacteria in the small intestine were not affected by dietary treatments. Similarly, Ceylan et al. [35] found no significant differences in the populations of the cecal microflora in birds fed a range of additives including probiotics, organic acids, MOS, and antibiotics. No significant differences between MOS treatment and both controls were observed in the counts of C. perfringens, and the values were very close to the detection limit (around 10 3 bacteria/g of digesta) due to the inclusion of coccidiostat in the basal diet.
However, coliform counts in the duodenum and ileum were significantly higher (P < 0.05) in 14-d-old birds fed a MOS-supplemented diet compared with both control diets in the present study. This contrasts with the reports that have shown that MOS addition significantly decreased the number of Escherichia coli in the small intestine or feces of chickens [36, 37] .
As a receptor analogue, it is suggested that MOS can act as a decoy for those pathogenic or potentially pathogenic bacteria possessing type-1 fimbriae (mannose-sensitive lectins) and prevent them from attaching to the gut mucosa, thus reducing the chance of them to colonize the gut and cause disease. It is reported that around 68% tested E. coli isolated from poultry possess type 1 fimbriae [38] . Therefore, it was expected that the number of coliform in the small intestine of birds would be reduced by the addition of MOS. However, the opposite trend was observed in the present experiment. An increase in the intestinal coliform population was noticed in some early antibiotic studies with a positive growth response taking place simultaneously [39]. Means within a row not sharing a common superscript letter are significantly different (P < 0.05). One possibility for the increase in the count of coliform bacteria in young birds might be because MOS may not only bind but also displace those type 1 fimbriae bacteria attached to the gut wall. In vitro studies examining E. coli attached to epithelial cells suggest that the bacteria could be displaced from these epithelial cells within 30 min when exposed to a mannan derivative [40] . Similar results have been found with the same commercial MOS product [41] .
Recently, Brzoska et al. [42] reported that birds receiving MOS had more E. coli compared with the antibiotic treatment, and a similar trend was found with birds receiving lactic acid bacteria and organic acids. Hence, another possibility may be that when MOS increases the number of coliform in the gut, the profile of coliform bacteria, particularly E. coli species, might be changed to a population of coliform bacteria potentially beneficial to growth performance. Some species of E. coli can improve growth in the absence of antibiotics [43] . Escherichia coli-derived phytase has been reported to help nutrient utilization of chickens [44] .
Although diet had no effect on the concentrations of the individual VFA and the total VFA in the ceca of birds (Table 4) , MOS supplementation increased (P < 0.05) the molar ratio of acetic acid compared with the negative control at d 14. A similar trend was observed with the birds fed the ZnB-supplemented diet. Ao [45] reported that the cecal propionic acid level was increased by the addition of MOS when birds were given a sorghum-based diet at 35 d of age. These results indicate that the gut microflora and its activity were altered by MOS.
Intestinal Morphology, BBMV Enzymes, and Small Intestinal Digestibility of Fat
In general, our trial did not show significant effects of MOS on the development of gut structure and function in birds. However, bird response to in-feed additives depends on the experimental conditions. The extent of bird response might not be evident when it is under good hygiene experimental conditions, as was the case in the present experiment.
The MOS supplement numerically increased the villus height and the specific activity of maltase in the jejunum compared with the negative control at d 14 (Tables 5 and 6 ). Similar results Means within a row not sharing a common superscript letter are significantly different (P < 0.05). were noticed on ZnB treatment. However, at the same age, a significant increase (P < 0.05) in the ileal digestibility of fat was observed in the birds Means within a row not sharing a common superscript letter are significantly different (P < 0.05). supplemented with ZnB but not in the birds supplemented with MOS compared with the negative control ( Table 7) . Engberg et al.
[46] suggested Means within a row not sharing a common superscript letter are significantly different (P < 0.05). Protein content in the mucosal homogenate. 3 Protein content in the brush-border membrane vesicle (BBMV).
that fat digestibility might be improved by the addition of ZnB as an inhibition of lactobacilli, which means the degree of bile acid deconjugation is reduced and in return fat absorption is improved. However, the populations of lactobacilli were not determined in the current trial. Alkaline phosphatase has been used as an indicator of intestinal maturation [47] . In contrast with the report of Iji et al. [48] , the specific activity of AP in the current study was not improved as a result of dietary supplementation with MOS compared with the negative control (Table 6 ). However, a significant increase in the specific activity of AP was noticed in the birds supplemented with ZnB compared with MOS treatment at d 35. At the same age, birds fed the ZnBsupplemented diet had higher (P < 0.05) villus height:crypt depth ratio than those in the MOS Means within a row not sharing a common superscript letter are significantly different (P < 0.05). group (Table 5 ). In general, measurements of villus height and crypt depth give an indication of the likely maturity and functional capacity of enterocytes [49] . A higher ratio indicates shallower crypts, in relation to villus height or longer villi in relation to the crypt. Longer villi would partly result in increased surface area for digestion and absorption, and although the latter was not measured in the current study, the results would suggest greater surface area in the ZnB group. Additionally, the differences in the specific activity of AP and gut morphology may suggest that birds in the ZnB group have a relatively high proportion of mature enterocytes, which would be expected to improve the capacity for digestion and absorption of nutrients from the small intestine. However, no significant differences were observed in fat digestibility between ZnB treatment and MOS treatment at d 35.
